3 He gas was puffed from the wall into ohmic L-mode discharges of the Alcator C-Mod tokamak and the charged states were measured near the wall with the omegatron ion mass spectrometer. Analysis of the data shows that the concentrations of singly-and doubly-ionized helium near the wall are approximately equal. The electron temperature and density at the omegatron are too low to account for ionization of helium in the local flux tube, therefore the helium is ionized in a hotter region of the edge plasma and is transported to the omegatron. A simple one-dimensional radial transport model reproduces the observed values of charge state flux and density, but only if rapid cross-field transport is included, increasing with distance from the separatrix.
I. INTRODUCTION
Experiments were performed on Alcator C-Mod to characterize the transport of helium ions in the scrape-off layer plasma. Helium gas with atomic number three was puffed from the wall into tokamak discharges, and the omegatron ion mass spectrometer 1,2 was used to record the absolute concentrations and fluxes of singly-and doubly-charged helium ions in the far scrape-off layer, near the wall.
Helium is a convenient impurity for transport experiments: it has only two charged states, it forms no molecules, and excited states can be neglected, so it is simple to model; it is a recycling impurity, so steady transport behavior is independent of the gas puff location;
in deuterium majority plasmas we can safely neglect helium charge exchange; if we also neglect backscattering of helium ions as neutrals from wall surfaces then neutral helium atoms have the wall temperature; trace amounts of helium are benign for machine operation, so experiments can often proceed in "piggy-back" mode; finally, the charge to mass ratios are either unique (M/Z = 3/2) or uncommon (M/Z = 3), so the helium resonances can be identified unambiguously with the omegatron.
The ratios of doubly-charged to singly-charged helium ions flux and density measured by the omegatron provide information about impurity transport in the scrape-off layer.
Qualitatively, if the impurity transport out of the hot plasma is rapid, there is insufficient time to form doubly-ionized helium, and the inward flux of neutral helium is balanced by an outward flux of singly-ionized helium. If instead the impurity transport out of the hot plasma is slow, then most of the singly ionized helium becomes doubly-ionized, and the inward flux of neutral helium is balanced by an outward flux of doubly-ionized helium.
It is found that the ratio of doubly-charged to singly-charged helium ion flux measured by the omegatron is near unity. The electron density and temperature near the omegatron are too low for the helium ions to have been produced locally, thus the helium must have been transported from a hotter region of the plasma. A simple one-dimensional diffusive model reproduces the observed values of density and flux, but only if the cross-field particle transport is rapid and increases with distance from the separatrix. Figure 1 shows a schematic of the two-dimensional cross section of the scrape-off layer.
Helium, ionized near the separatrix, must transport across magnetic field lines through the scrape-off layer (SOL) to arrive at the Local SOL shared by the omegatron and the E-Port ICRF antenna. Using the notation as shown in Fig.1 , the outline of this paper is as follows:
Singly-and doubly-ionized 3 He are collected in the omegatron RF cavity. The densities and parallel fluxes of singly-and doubly-ionized 3 He are inferred at the sheath edge of the entrance slit (Section II).
Helium ionization rates near the omegatron are compared with parallel transport times.
It is shown that in order to explain the measured ratios of singly-and doubly-ionized 3 He fluxes, the helium ions must be formed outside the Local SOL and transported into it (Section III).
Cross-field transport of deuterium and helium in the Local SOL are considered in Section IV. Ionization can be neglected in the particle balance, thus the cross-field flux into the Local SOL is simply related to the parallel flux profile measured by Langmuir probes on the omegatron head. Assuming helium and deuterium ions are subject to the same cross-field transport mechanisms and knowing the presheath is highly collisional, the helium flux into the Local SOL can be simply scaled from the deuterium measurements.
A cross-field 3 He transport model is developed in Section V to relate the fluxes and densities of neutral, singly-ionized, and doubly ionized 3 He in the SOL. The background plasma electron temperature and density profiles in the SOL are obtained from scanning Langmuir probe measurements and are used to calculate helium ionization rates in the SOL. Since atomic helium enters the SOL plasma at the wall temperature, the profiles of neutral helium density and the singly-ionized helium source can be calculated directly.
Numerical solutions to the 3 He transport model using measured temperature and density profiles are presented in Section VI. Cross-field transport is adjusted (via D ⊥ and V ⊥ ) to yield measured values of density and perpendicular flux of helium ions arriving at the boundary between the SOL and Local SOL.
Finally, the results are discussed and compared with other estimates of cross-field transport in the SOL (Section VII). The amplitude of the current collected by cyclotron resonance increases as the RF power applied to the omegatron is increased. The measured current, I RF , obeys the relationship
II. EXPERIMENT
, where I as is the asymptotic helium current that would have been collected if (in principle) infinite RF power (P ) had been applied to the omegatron, and c 1 is related to the helium ion temperature (kT ) by
Here, m is the helium ion mass, L is the RF cavity length, D is the spacing between the RF plates, R = 50 Ω is the RF load, and B is the magnetic field strength. Measurements made with the retarding field energy analyzer on the omegatron indicate that the bulk deuterium ion temperature is typically ≈ 3 eV. Since the presheath in these discharges was highly collisional, both charge states of 3 He should also be at ≈ 3 eV. Spectra were taken for a number of RF powers and the asympototic currents, I as , were computed with T = 3 eV. The results shown in Fig.2 
where g trans = exp(−qφ 0 /kT ) is the fraction of current that is sufficiently energetic to pass the maximum potential φ 0 in the RF cavity. Analysis of the transmission of bulk currents to the grids allows φ 0 to be inferred and gives g trans = 0.65 ± 0.07. In the case when the presheath is highly collisional, all ion species have the same fluid velocity at the sheath edge.
Then by Eq. (1),
III . Also, the helium neutral pressure implied by the simple model is larger than expected, equal to the total neutral pressure observed in the upper chamber. We therefore conclude that the observed 3 He density and flux ratios at the omegatron principally arise from cross-field transport of 3 He into the Local SOL.
IV. CROSS-FIELD TRANSPORT IN LOCAL SOL
From Langmuir probe measurements of bulk plasma densities and fluxes along the face of the heat shield and from resonant helium current measurements with the ion mass spectrometer, helium ion densities and perpendicular fluxes at the boundary of the Local SOL can be obtained. We have no direct measurement of the helium transport in the Local SOL, but we postulate that the helium and the deuterium ions are subject to the same cross-field transport mechanisms. In addition, since the presheath is highly collisional, all ion species have the same fluid velocity at the sheath edge and the same parallel flow velocity everywhere in the Local SOL volume. Finally, since both helium and deuterium sources are negligible in the Local SOL, it is reasonable to assume that the concentrations and fluxes of 3 He relative to deuterium are constant, i.e. n Define a coordinate x perpendicular to the magnetic field, where x = x 0 is near the separatrix and x = x 1 is at the boundary between the SOL and the Local SOL, near the edge of the omegatron probe (see Fig.1 ). It can be shown that to a good approximation the deuterium flux in the Local SOL is divergence free. Therefore, 
For a plasma sound speed c s (x 1 ), the perpendicular deuterium flux is related to the deuterium density by
and from the scaling argument above, we expect
From Eq.(6) plus the measurement of Eq.(2), we can compute the cross-field 
Since neutral helium has the wall temperature, Γ 
V. CROSS-FIELD 3 HE TRANSPORT MODEL
We consider the steady state continuity equations,
where for convenience we normalize all helium densities by the neutral helium density at the He (x 1 ) = 2.1 ± 0.9, and g 1 (x 1 ) = 0.62 ± 0.05. Note that we mathematically overconstrain the problem to supply boundary conditions for the singly-ionized helium density at the center and the edge and a boundary condition for the singly-ionized helium flux at the edge. We shall see that to find solutions which match all the boundary conditions we must restrict the possible spatial profiles of the diffusion coefficient and convection velocity. Figure 3 shows profiles of electron temperature, electron density, ionization and radiative recombination rates across the scrape-off layer, mapped along magnetic flux surfaces to the midplane. The coordinate ρ corresponds to the distance of a flux surface from the separatrix measured at the midplane. The electron temperature and density are obtained from the Aport fast scanning Langmuir probe and the Langmuir probes on the omegatron heat shield.
A. SOL Background Profiles
Over most of the scrape-off layer plasma the electron temperature is high enough to neglect radiative recombination in the ion continuity equations. We neglect excitationionization compound reactions of the form He + (1s) → He + * (n ≥ 2) → He ++ . Since the ionization rates are much slower than the de-excitation rate (Einstein coefficient) of excited singly-ionized helium, A ≈ Z 4 6 × 10 8 s −1 , we expect the density of excited helium to be negligible.
With the ionization rates, the normalized neutral helium density profile is found directly:
VI. NUMERICAL SOLUTIONS
A numerical scheme was implemented to find solutions to Equations (9)- (11) consistent with the boundary conditions using the experimental density and temperature profile data.
The at the boundary, their predictions for the doubly-ionized densities in the core are different by a factor of ten. Thus it might be possible to distinguish between the two cases if further data on core helium density is available.
For the experimental temperature and density profiles it is found that no constant profile of diffusion coefficient satisfies the (overdetermined) boundary conditions at the edge and separatrix, see Fig.5(a) . The initial conditions of the singly-ionized density at x = x 0 are adjusted until the flux at the edge matches a specified 3 He + flux, g 1 (x 1 ) = 0.1, 0.2, or 0.7. If instead the diffusion coefficient profile is allowed to increase with increasing x then solutions matching the overdetermined inner and outer boundary conditions can be obtained. It is also possible to match the observed values of density and flux at the boundary if the transport is due to a mix of outward convection and diffusion. The key again is to provide a rapid outward transport mechanism for plasma in the far scrape-off layer. Here, the convection velocity profile is assumed to be constant over most of the region outside the separatrix; inside the separatrix the the convection velocity is assumed to be zero, and there is a continuous transition between the two regions. The diffusion coefficient profile is constant. Figure 5(b) shows the normalized values of singly-ionized helium density at the edge that result from different magnitudes of convection velocity and diffusion coefficient.
Once again, note that the profiles are not unique.
VII. DISCUSSION AND CONCLUSIONS
The results obtained with the 3 He transport are consistent with the picture of rapid, radially outward transport in the far SOL proposed by Umansky 4 and directly measured recently on Alcator C-Mod. 5 The observed values of helium density and flux at the edge can be reproduced in the model only by including an effective diffusion coefficient that increases further from the separatrix. Evidence for rapid transport in the far SOL has been seen on other tokamaks as well, and may be related to the existence of large main-chamber recycling fluxes. (Fig.3) . 
